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Submarine Strombolian Eruptions on the Gorda Mid-Ocean Ridge 
David A. Clague and Alice S. Davis 
Monterey Bay Aquarium Research Institute, Moss Landing, California 
Jacqueline E. Dixon 
Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, Florida 
Compositionally variable limu o Pele occurs in widely distributed sediments 
collected during ROV Tiburon dives along the Gorda Ridge axis. The fragments 
formed deeper than the critical depth of seawater and are unlikely to be formed 
by supercritical expansion of seawater upon heating in contact with hot lava. 
Discharge of C 0 2 through erupting lava is the most likely way to make such bub­
bles at >298 bars pressure. The distribution and composition of limu o Pele frag­
ments indicate that low-energy strombolian activity is a common, although minor, 
component of eruptions along mid-ocean ridges. Combined dissolved and 
exsolved volatile contents of N-MORB from the Gorda Ridge with 12.8-15.6% 
spherical vesicles are about 0.78% C 0 2 and 0.18 wt% H 2 0 and exceed estimates 
of primary C 0 2 of only 0.07 to 0.095 wt% calculated from whole rock Nb con­
centrations. This discrepancy suggests that the magmas accumulated an exsolved 
volatile phase prior to eruption. The evidence that a separated volatile phase 
drives strombolian eruptions on the seafloor also implies that volatile bubbles 
coalesce during storage or transport to the surface. The combination of large bub­
bles in otherwise dense magma suggests nearly complete coalescence of small 
bubbles and is most consistent with accumulation of the exsolved volatile phase, 
most likely near the tops of crustal magma chambers, prior to upward transport in 
shallow conduits to the eruptive vents on the seafloor. A portion of this C0 2 - r i ch 
separated fluid phase is released in brief bursts during eruptions where it becomes 
part of event plumes. 
1. INTRODUCTION 
Abundant observations and sampling along mid-ocean 
ridges [e.g., Ballard et al, 1979; Perflt and Chadwick, 
1998; Batiza and White, 2000] have led to the widely 
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accepted view that submarine basaltic eruptions are effu­
sive. These eruptions produce pillow, lobate, and sheet 
flows [e.g., Perfit and Chadwick, 1998], with the flow type 
mainly determined by effusion rate [e.g., Griffiths and Fink, 
1992; Gregg and Fink, 1995]. Associated basaltic volcani­
clastic deposits are rare, but occur in a variety of tectonic 
settings and at a range of depths. 
Many of these deep-sea volcaniclastic deposits contain 
common to rare sideromelane bubble-wall fragments in 
addition to the usually more abundant dense angular 
111 
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sideromelane fragments. Bubble-wall fragments, named 
limu o Pele or Pele's seaweed, were first described from 
Kilauea's ongoing eruption [Hon et al, 1988] where they 
form as lava entering the ocean produces lava bubbles due 
to incorporation of seawater into the lava stream and expan­
sion to steam [Mattox and Mangan, 1997]. This limu o Pele 
formed at sealevel in a littoral environment, where the vol­
ume change as water expands to steam is large. The expan­
sion of seawater during boiling is greatly diminished with 
increasing pressure, however, making formation of limu o 
Pele by this mechanism less likely as eruption depth 
increases. Calculations of the specific volume of the com­
bined vapor-liquid-solid phases generated during boiling 
[see Figure 9 in Clague et al., 2000a] indicated that seawa­
ter undergoes up to about 20 times volume expansion at 
roughly 2 km depth, still adequate for limu o Pele forma­
tion. However, at supercritical conditions (greater than 
407°C and 298 bars or -2936 m depth [Bischoff and 
Rosenbauer, 1988]), the volume expansion from heating 
seawater is limited to about a factor of four and is not 
instantaneous, since no phase change occurs. In order to 
form limu o Pele, bubbles must grow at rates that exceed the 
cooling rate of the glass, since the wall must remain plastic 
to continue to stretch. Expansion of seawater under super­
critical conditions is unlikely to be rapid enough to form 
limu o Pele, as recently proposed for samples from subcrit-
ical depths [e.g., Clague et al., 2000; Maicher and White, 
2001]. 
Volcaniclastic deposits containing limu o Pele fragments 
have been documented around Hawaii, on a near ridge 
seamount off the EPR, on the Azores Platform section of the 
MAR, and on the Sumisu rift. None have been previously 
described from a normal mid-ocean ridge. Existing occur­
rences of limu o Pele are described in more detail below. 
Tholeiitic limu o Pele fragments have been recovered 
from Kiluaea's Puna Ridge in sediment at >5400 m at the 
base of Puna Ridge, although their dissolved volatile con­
tents indicate they erupted at about 2000 m depth [Clague et 
al, 1995], and from about 2200 m depth [Clague et al., 
2000a]. These are similar to littoral limu o Pele produced 
from the ongoing eruption of Kilauea, but less vesicular. 
Limu o Pele was also found in unconsolidated sand deposits 
on Loihi Seamount between 1150-1950 m depth. The Loihi 
limu o Pele fragments are mainly dense tholeiitic basalt 
(81%), although some are transitional basalt (12%) or alka­
lic basalt (7%) [Clague et al., 2000a]. The curvature of the 
fragments suggests that the average bubble diameter of 
tholeiitic limu o Pele from Loihi is 5.9 cm. 
Morphologically similar limu o Pele fragments of MORB 
and hawaiite composition were described from Seamount 6 
near the East Pacific Rise from 1600-2000 m depth 
[Maicher and White, 2001]. These fragments formed the 
basis for a detailed model of limu o Pele formation in the 
deep sea [Maicher and White, 2001] that also relied entire­
ly on the expansion of seawater as it boils [see Figure 9 in 
Clague et al., 2000a, and Figure 5 in Maicher and White, 
2001] to produce thin-walled lava bubbles. Maicher and 
White [2001] proposed that seawater is incorporated into 
thin, fluid, rapidly advancing lava flows that covered water-
saturated sediment. 
Volcaniclastic deposits of enriched-MORB occur as deep 
as 1700 m at 37°50' N, 31°32' W on the Mid-Atlantic Ridge 
[Fouquet et al., 1998; Eissen et al, this volume]. The frag­
ments in these deposits include scoria and pumice interpret­
ed as evidence that exsolution of magmatic volatiles played 
a large role in magma fragmentation. The increased surface 
area of the melt in contact with seawater apparently then led 
to hydrovolcanic explosions and the formation of small 
plate-like shards and abundant lithic and broken crystal 
fragments. Based on this evidence, Fouquet et al [1998] 
argue that the volcaniclastic deposits formed due to subma­
rine explosions involving a combination of magmatic 
volatile exsolution and bulk/surface steam explosivity, prob­
ably accompanied by thermal-contraction fragmentation. 
Scoriaceous back-arc basin basaltic breccia occurs at 
about 1800 m in the Sumisu Basin [Gill et al, 1990]. The 
glass contains about 1.3% H 2 0 after vesiculation, which 
suggests that high initial magmatic H 2 0 contributed to the 
explosivity. Gill et al. [1990] also argued, based on textural 
and magnetic data, that the breccia was assembled while 
hot, despite accumulation in deep water. 
Strongly alkalic North Arch lavas, ranging from alkalic 
basalt to nephelinite, formed volcaniclastic deposits con­
taining vesicular angular and rounded glass fragments, 
spherical glass droplets [Clague et al, 1990], and thin 
curved glass fragments interpreted as limu o Pele [Clague et 
al, 2002] during eruptions at 4160 m, well below the criti­
cal depth for seawater. Unfortunately, limu o Pele fragments 
in these samples were mostly altered to palagonite. These 
fragment shapes were interpreted to form by fragmentation 
during eruption, most probably by magmatic volatile exso­
lution. Several additional samples from about 4320 m col­
lected by the Shinkai 6500 submersible in August 2002 
(dive S704) contain unaltered angular and limu o Pele frag­
ments up to several mm across. The limu o Pele fragments, 
compared to those from Loihi Seamount [Clague et al, 
2000a], include some small vesicles and the fragments tend 
to be thicker and less regularly curved. 
In summary, volcaniclastic deposits from the Mid-
Atlantic Ridge [Fouquet et al, 1998; Eissen et al, this vol­
ume], the Sumisu Backarc Basin [Gill et al, 1990], and the 
North Arch volcanic field [Clague et al, 1990, 2002] were 
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interpreted as pyroclastic deposits with fragmentation driv­
en by exsolution of magmatic H 2 0 in the case of the Sumisu 
basin and magmatic C 0 2 in the other cases. On the other 
hand, those from Puna Ridge [Clague et al, 2000a], Loihi 
Seamount [Clague et al, 2000a], and Seamount 6 [Maicher 
and White, 2001] were interpreted as hydrovolcanic 
deposits with fragmentation driven by steam explosivity. 
In this paper, we describe volcaniclastic deposits from a 
number of locations along the Gorda Mid-Ocean Ridge that 
contain limu o Pele that are inferred to have formed deeper 
than the critical depth for seawater. We present evidence 
that submarine limu o Pele is of pyroclastic, rather than 
hydrovolcanic, origin. We then argue that submarine limu o 
Pele and angular sideromelane fragments form during mild 
strombolian-like eruptions driven by a separated magmatic 
volatile phase, dominated by C 0 2 along mid-ocean ridges. 
We conclude with an evaluation of volatile budgets for nor­
mal MORB and some speculation about a magmatic com­
ponent to event plumes. 
2. VOLCANICLASTIC MORB FROM GORDA RIDGE 
2.1. Geologic Setting and Ridge Morphology 
The Gorda Ridge is a 300-km-long mid-ocean ridge 
located 250 to 350 km west of the northern California-
Oregon margin (Figure 1). The ridge is similar in structure 
to the slow-spreading Mid-Atlantic Ridge and is character­
ized by a deep axial valley [Clague and Holmes, 1987] that 
is divided into 5 offset segments named, from south to 
north, the Escanaba, Phoenix, Central, Jackson, and 
Northern segments [Chadwick et al, 1998]. The ridge is 
bounded on the north and south by the Blanco and 
Mendocino Fracture Zones, respectively. The neovolcanic 
zone of the northern four segments consists dominantly of 
pillow flows with variable, but thin sediment cover [e.g., 
Clague and Rona, 1989]. The sedimentation rate along 
Gorda Ridge is relatively high, roughly 5-14 cm/ky [Karlin 
and Zierenberg, 1994]. In places, the floor of the neovol­
canic zone is broken by faults and fissures, usually oriented 
parallel to the ridge axis. The neovolcanic zone along Gorda 
Ridge ranges from 2867 to 3975 m deep, with only 5 vol­
canic cones in the entire neovolcanic zone shallower than 
2936 m. The Escanaba segment is filled with turbidite sedi­
ments [e.g., Zuffa et al, 2000] and the neovolcanic zone is 
characterized by sills intruded into the sediment [Morton et 
al, 1994, Normark and Serra, 2001]. The only lava flows 
are an extensive one at the NESCA hydrothermal site near 
41°N, 127°30'W and a smaller one at the SESCA 
hydrothermal site at 40° 47'N, 127°31'W [Ross and 
Zierenberg, 1994; Davis et al, 1994]. The northern end of 
Figure 1. Location map showing Tiburon ROV dive locations on 
Gorda Ridge. Segments of Gorda Ridge axis are labeled. The 
vesicular MORB samples are from dive T196 and the limu o Pele 
fragments were recovered in push-cores and sediment scoops dur­
ing dives T187, T189, T190, T193, T194, T196, T197, T198 in 
2000 and during T451, 452, 453, and 455 in 2002 and two gravi­
ty cores collected near dives T197 and T198 in 2000. 
the Escanaba segment has a group of nearly circular vol­
canic cones that project above the sediment fill. 
2.2. Volcaniclastic Deposits 
Volcaniclastic deposits are briefly described from about 
3100 m depth at the 1996 eruption site by Chadwick et al 
[1998]. A bottom photograph (their Figure 3b) shows vol­
caniclastic black sand on gray talus deposits. They attribute 
the fine clastic material to fragmentation as pillow lava cas-
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Figure 2. a) Bottom photograph showing fine-grained volcaniclastic deposit at 2883 m depth observed on Tiburon dive 
T190 at top of ridge-parallel fault scarp west of Gorda Ridge axis, field of view is about 1 m wide, b) backscattered 
electron photomicrograph showing dense fluidal shaped glass fragments in fine-grained matrix consisting of glass frag­
ments to submicron sizes (bright specs). 
caded over a fault scarp. The volcaniclastic deposit was not 
sampled. 
We observed and recovered volcaniclastic deposits during 
two dive programs using MBARI's R/V Western Flyer and 
remotely operated vehicle (ROV) Tiburon in August 2000 
and July 2002. During dive T190 in 2000, we observed a 
thin fine-grained volcaniclastic deposit (Figure 2a) at 2883 
m depth near the top of a ridge-parallel fault scarp west of 
the ridge axis. The recovered sample contains dense sand-
to-silt sized angular glass fragments and abundant dense, 
sand-to-silt sized, limu o Pele in a matrix of finely (to sub-
micron sizes) comminuted glass (Figure 2b). The ash may 
have erupted from the easternmost of the President Jackson 
Seamounts [Davis and Clague, 2000], located to the west. 
The summit of this seamount presently reaches 1723 m 
depth, but was probably significantly shallower when the 
volcano was active and located nearer the spreading center. 
Due to the uncertainty in the depth of formation of this 
deposit, we will not discuss it further. 
The remaining samples of volcaniclastic materials, and 
those we will focus on, were collected within the neovol-
canic zone along the Gorda Ridge using push-cores and sed­
iment scoops to recover fragments embedded in hemipelag-
ic sediment consisting mainly of mud. At none of the loca­
tions were volcaniclastic deposits observed prior to sam­
pling. Sampling sites were selected where sediment cover 
was thick enough to insert push-cores. Glass fragments 
were nonetheless recovered in all the samples, except those 
push-cores collected at the SESCA site in the Escanaba seg­
ment. Most of the push-cores yielded only a tiny fraction (a 
few percent) of glass. 
Limu o Pele fragments were recovered in 26 push-cores 
and sediment scoops during 8 dives using the MBARI ROV 
Tiburon in August 2000, as well as in 2 gravity cores 
deployed from the R/V Western Flyer. Eleven push-cores 
from 3 additional dives in 2002 also recovered angular 
sideromelane and limu o Pele fragments. The sites where 
limu o Pele fragments were recovered are shown in Figure 
1 and their distribution as a function of depth is shown in 
Figure 3. The deepest site is at 3853 m at the southern end 
of the neovolcanic zone on the Northern segment and the 
shallowest is off-axis at 2595 m on the west flank of the 
Escanaba segment. 
2.3. Morphology of Fragments 
The recovered volcanic fragments are almost entirely 
unaltered sideromelane glass as dense angular fragments 
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Figure 3. Latitude vs depth of sediment samples from Gorda 
Ridge that included limu o pele fragments. The samples are divid­
ed into axial and off-axis samples. 
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(Figure 4a) or dense limu o Pele fragments (Figure 4b). 
Samples from some sites contain plagioclase crystals and 
glass fragments from other sites have thin white or light tan 
alteration products or deposits on all sides of the fragments. 
In most samples, most glass fragments are angular or have 
concoidal fractures on flat sheets or elongate needles of 
glass. Most limu o Pele fragments are thin, dense, slightly 
curved sheets that are smooth on both sides (Figure 4b) or 
striated on one side (Figure 5b). The thickness is highly 
variable from nearly colorless transparent sheets a few 
microns thick to dark brown glass several tens of microns 
thick (color intensity in Figure 4b is due to variable glass 
thickness). The striated fragments also have variable thick­
ness, but in elongate patterns. These same fragments corn-
Figure 4. Photomicrographs of samples from Tiburon ROV dives on Gorda Ridge in 2000 and 2002. a) dense angular 
fragments. Pushcore T452-PC67; b) slightly curved limu o Pele sheets that are smooth on both sides. Variable color 
intensity is due to variable glass thickness. Pushcore T452-PC67; c) limu o Pele fragments that consist of two or even 
three thin sheets of glass that are tack-welded together. Pushcore T452-PC67; d) limu o Pele fragments that are folded 
on themselves and tack-welded. Pushcore T196-PC47; e) rare limu o Pele fragments with abundant small vesicles. 
Pushcore T452-PC67; f) scanning electron microscope images of folded, tack-welded limu o Pele fragments. Left frag­
ment from T193-PC41, top from Tf96-PC47, and lower right from T193-PC43. 
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monly contain stretched bubbles with pointed ends (upper 
right in Figure 5b). Some fragments have a mottled appear­
ance (Figure 5a) due to variable thickness and others con­
tain abundant small vesicles (Figure 4e). The larger of the 
vesicles in the fragments are broken open, usually on the 
concave inner wall of the fragment. Other fragments consist 
of two or even three thin sheets of glass that are tack-weld-
1mm 
ed together (Figure 4c). The layers in these fragments are 
welded together over most of the surface. Many limu o Pele 
fragments thicken to one edge (Figure 5d) while others are 
folded on themselves and tack-welded (Figures 4d and 4f). 
There are also small fragments of fluidal clasts, which com­
monly are elongate stretched and twisted glass fragments 
(Figure 5c). Fluidal clasts range from striated fragments 
1mm 
Figure 5. Photomicrographs of samples from Tiburon ROV dives on Gorda Ridge in 2000 and 2002. a) three left frag­
ments are mottled limu o Pele, pushcore T452-PC67; upper right fragment has variable thickness, pushcore T452-PC67; 
b) limu o Pele fragments, pushcore T193-PC47. Upper left fragment has spatter bleb agglutinated to surface, center left 
is gradational to spatter, other three fragments are striated. Close-up shows that striation in some fragments is due to 
presence of elongate stretched vesicles; c) small spatter fragments, pushcore T452-PC67, d) limu o Pele that thicken to 
one edge, pushcore T455-PC57; e) twisted and elongate glass fragments that resemble Pele's hair when extremely elon­
gate, pushcore T194-PC46; f) top image is ribbon spatter enlarged from e); middle is scanning electron microscope 
image of stretched spatter, T196-PC47; and bottom is scanning electron microscope image of Pele's hair with barbs, 
T194-PC46. 
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(left center fragment in Figure 5b) to small stretched rods of 
glass that resemble Pele's hair when extremely elongate 
(Figures 5e and 5f). Some of the clasts have a ribbon-like 
morphology (upper fragment in Figure 5f). There are also 
rare fragments of limu o Pele with small bits of ribbon-like 
glass agglutinated to their surfaces (upper left fragment in 
Figure 5b). 
Most limu o Pele fragments are morphologically similar 
to those from Loihi Seamount described by Clague et al 
[2000] in having few vesicles or crystals in the glass. One 
difference is that the curved fragments from Gorda Ridge 
are rarely regular enough to allow measurements of the ini­
tial diameter of the entire lava bubble. The few whose cur­
vature can be determined appear to be from bubbles only a 
few centimeters in diameter compared to the average 5.9 cm 
diameter of the measured Loihi bubbles, but similar in size 
to those reported from Seamount 6 [Maicher and White, 
2001]. Some rare fragments appear almost flat and represent 
fragments derived from larger diameter glass bubbles. 
2.4. Chemical Compositions of the Volcaniclastic 
Fragments 
We analyzed 241 limu o Pele fragments from the 28 sed­
iment samples recovered in 2000. The fragments range from 
enriched-MORB to depleted-MORB (Figure 6a). Many 
have similar compositions to pillow rind glasses from the 
same dives (Figure 6b), but a number of compositions, 
including the most enriched-MORB from dive T194, was 
not sampled as a lava flow. We have also compared the 
compositional variation of dense angular glass fragments 
recovered in the same sediment samples and find that there 
is strong overlap in compositional groups with the limu o 
Pele fragments (Figure 6c). 
Samples from dives T197 and T198 from the NESCA 
hydrothermal site [Morton et al, 1994], have overlapping 
glass compositions for pillow rind glasses, dense angular 
glass fragments and limu o Pele fragments, although the 
limu o Pele and dense angular fragments extend to some­
what lower MgO than do the sampled pillow rind glasses 
(6.5% MgO compared to 6.7%). No angular or limu o Pele 
fragments were recovered at SESCA (dive T199) or an area 
south of SESCA (dive T200) that are dominated by shallow 
intrusive sills, rather than surface lava flows. Fragments 
formed during eruption of the SESCA lava flow may simply 
Figure 6. K 2 0 versus MgO plots for Gorda Ridge glass samples 
of a) limu o Pele fragments recovered from sediment samples, b) 
all pillow rinds collected on same dives, and c) angular fragments 
recovered from same sediment samples as in a). 
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be too old and covered by sediment too thick to be sampled 
using 25-cm long push-cores. 
2.5. Formation of limu o Pele on the Gorda Ridge 
Most of the limu o Pele fragments from the Gorda Ridge 
was collected at depths greater than the critical point of sea­
water (Figure 3). If the limu o Pele recovered along the 
Gorda Ridge from supercritical depths actually formed at 
those depths, then another mechanism is required to explain 
formation of limu o Pele. Could it have been produced near­
by at depths shallower than the critical point of seawater, 
transported in the water column, and deposited at the sites 
where we collected the samples? The short 21-cm cores col­
lected, coupled with regional sedimentation rates of 5-14 
cm/ka [Karlin and Zierenberg, 1994], suggest that the cores 
sampled sediment accumulated during the last 2 to 4 k. y. 
Age estimates based on 238Tj_230xh disequilibria [Goldstein 
et al., 1992] indicate that such young eruptions occur with­
in the neovolcanic zone along a narrow band in the center of 
the axial valley. The entire Gorda Ridge has been mapped 
by both Seabeam [Chadwick et al, 1998] and high-resolu­
tion Simrad EM300 [MBAR1 Mapping Team, 2001] swath 
systems. These maps show that the only locations along the 
entire Gorda Ridge where the neovolcanic zone is shallow­
er than 2936 m are the summits of 5 volcanic cones. One is 
located at the northern end of the Escanaba segment (sum­
mit at 2925m), 3 are located near the center of the Phoenix 
segment (summits at 2867, 2903, and 2930 m), and 1 is 
located in the center of the Northern segment (summit at 
2883 m). Only the summits of these cones rise 11, 69, 33, 6, 
and 53 m above the 2936 m depth of the critical point of 
seawater in this area and subcritical conditions for seawater 
boiling could have occurred only during the final growth of 
these 5 cones. 
If seawater boiling with generation of a vapor phase is 
responsible for the limu o Pele collected along the Gorda 
Ridge, then all limu o Pele formed near the summits of these 
5 cones and was redistributed along the ridge. The limu o 
Pele samples recovered at the southern end of the Northern 
segment are located 33 km from the only shallow cone in 
the northern half of the Gorda Ridge. The limu o Pele col­
lected at NESCA in the Escanaba segment is located about 
23 km from the nearest shallow cone. These are long dis­
tances to transport dense angular fragments as large as sev­
eral mm. The wide compositional range of limu o Pele 
(Figure 6a) also make it unlikely that all were erupted from 
these five cones, particularly since our sampling of some of 
these and other cones along the axis shows that each cone 
consists of lava with only a small compositional range. 
Finally, the large lava flow at NESCA is compositionally 
unique for the entire Gorda Ridge [Davis and Clague, 1987, 
1990; Davis et al., 1994, 1998; Rubin et al., 1998]. The 
compositional match of the bubble-wall and angular glass 
fragments to the flow suggests that the bubble-wall frag­
ments were locally derived. The vent(s) for the NESCA 
flow are at depths no shallower than 3250 m, well below the 
critical depth of seawater. These observations demonstrate 
that most, if not all, limu o Pele from the Gorda Ridge was 
not only recovered from, but formed at, depths greater than 
the critical depth of seawater. 
If rapid seawater expansion cannot form limu o Pele at 
supercritical depths, the most likely alternative is that the 
lava bubbles formed by release of magmatic volatiles 
exsolved from the magma. Therefore, we propose that limu 
o Pele at supercritical conditions probably forms during 
pyroclastic eruptions. The similarity of the fragment mor­
phology and vesicularity of limu o Pele from the Gorda 
Ridge, where most formed at depths exceeding the critical 
point of seawater, to that from Loihi Seamount and Puna 
Ridge [Clague et al., 2000], and Seamount 6 along the East 
Pacific Rise [Maicher and White, 2001], suggests a com­
mon mode of formation. Limu o Pele from all these subma­
rine sites differs from the littoral limu o Pele from Kilauea 
because the fragments are dense rather than highly vesicu­
lar glass and the individual fragments tend to be more uni­
form in thickness. We propose that limu o Pele at all these 
submarine sites formed during pyroclastic eruptions, 
regardless of depth, in which exsolved magmatic volatiles 
disrupted and fragmented magma at vents. 
2.6. Eruption Style 
What style were these eruptions? Since the eruptions are 
characterized by release of exsolved magmatic volatiles, 
they could be either strombolian or hawaiian, or an unde-
scribed style. Strombolian eruptions are characterized by 
gas and pyroclast discharge in energetic bursts [Blackburn 
et al., 1976; Ripepe et al, 1993; Vergniolle and Jaupart, 
1986]. Models of strombolian eruption dynamics fall gener­
ally into two classes [Vergniolle and Mangan, 2000], those 
based on collapse of a foam layer in a magma reservoir 
[Vergniolle and Jaupart,, 1990] and bubble coalescence 
through differential rise speeds of melt and bubbles in the 
conduit [Parfitt and Wilson, 1995]. Both models produce 
large volatile bubbles in the magma prior to eruption; these 
bubbles migrate upward in the conduit as a slug flow. 
Hawaiian fountains, on the other hand, are produced when 
many small bubbles nucleate and expand in the rising melt, 
accelerate and disrupt the magma in the conduit, and pro­
duce a continuous overshoot of the vent [Head and Wilson, 
1987, 1989]. 
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Head and Wilson [2003] recently reviewed the theory, 
landforms, and deposits produced by strombolian and 
hawaiian eruptions in the submarine environment. Head 
and Wilson [2003] note that deep submarine hawaiian foun­
tains would require such large volatile inventories that 
basaltic magmas, except for a few highly alkalic and 
volatile-rich magma types, simply do not contain sufficient 
volatiles to form such eruptions. The required volatile 
inventories rise dramatically with increasing pressure, so 
that a magma at depths as great as 3850 m (depth of the 
deepest limu o Pele from Gorda Ridge) would have to con­
tain somewhat greater than 13 wt% C 0 2 (extrapolated from 
3500 m values in their Table 1). Such volatile requirements 
effectively eliminate the possibility of hawaiian eruptions at 
these depths. In addition, if the eruptions were hawaiian in 
character, the angular and the limu o Pele fragments should 
be highly vesicular and the deposits would most likely be 
much larger than the observed limu o Pele-bearing deposits. 
This leaves strombolian as the most likely eruption style to 
produce limu o Pele in the submarine environment. The 
eruptions that we propose form limu o Pele are not identical 
to subaerial strombolian eruptions, but vigorous disruption 
of the magma surface by slugs of coalesced bubbles are crit­
ical in producing pyroclasts in both. We have called these 
eruptions strombolian, mainly due to this similarity in 
mechanism. Do the particle types produced tell us anything 
about how the volatiles accumulated or why subaerial 
strombolian activity does not produce limu o Pele? 
Submarine limu o Pele consists almost entirely of dense 
glass, as do the associated angular glass fragments. Some 
exceptions occur, such as the rare fragments described 
above from Gorda Ridge (Figure 4e), at Loihi Seamount 
where rare limu o Pele of alkalic basalt composition is mod­
erately vesicular [Clague et al, 2000], and among the 
strongly alkalic North Arch cones described in the introduc­
tion. All the exceptions are only mildly vesicular. The large 
volatile bubbles that form the submarine sideromelane bub­
bles (that shatter to form the limu o Pele fragments) there­
fore discharge through magma that is usually nearly free of 
small vesicles. As these volatile bubbles rise to the surface 
of the magma at or near the vent, they create low lava foun­
tains that produce angular glass fragments. In some cases, 
vigorous bubbling stretches the surface into thin siderome­
lane bubbles that fragment to become limu o Pele. The 
absence of small volatile bubbles, but presence of large 
volatile bubbles, suggests that small bubbles either did not 
form or have coalesced into large bubbles during magma 
storage or ascent. 
In subaerial strombolian (and hawaiian) eruptions, the 
small vesicles form during shallow degassing of mainly 
H 2 0 and S, with minor contributions from F and CI. This 
stage of degassing occurs at very shallow levels (a few hun­
dred m) in the conduit when the magma becomes saturated 
with these volatiles due to their high solubility in basaltic 
magma [Gerlach and Graeber, 1985]. Carbon dioxide, 
however, due to its low solubility in basaltic magma [Dixon 
et al, 1995], exsolves as pressure decreases during rise of 
magma from the mantle and during storage in sub-axial 
magma reservoir or lens, where it can accumulate and coa­
lesce into large bubbles. Subaerial strombolian eruptions 
probably exsolve these volatile components simultaneously, 
with large coalesced C0 2 -r ich bubbles triggering eruptive 
bursts and the shallow-formed H 2 0 - and S-rich bubbles 
forming the smaller vesicles in the pyroclasts. In some loca­
tions, like Hawaii, where degassing of C 0 2 occurs through 
the summit and degassing of H 2 0 and S occurs at eruptive 
vents along the rift zones [Gerlach and Graeber, 1985; 
Gerlach et al, 2002], strombolian activity rarely occurs. 
Subaerial basaltic eruptions in Hawaii and elsewhere, there­
fore, almost invariably produce vesicular pyroclasts of spat-
Table 1. Volatile Budgets for E-MORB and N-MORB 
Sample MAR Popping Rocks E-MORB Gorda Ridge N-MORB T196-R31 
Vesicles (vol%) 17.1 15.6 
Pressure (bars) 383±28 305 
Nb (ppm) 26.2 3.0 
Ce (ppm) 33.5 11.0 
Volatile x H 2 0 (wt%) C 0 2 (wt%) H 2 0 (wt%) C 0 2 (wt%) 
p x at 1000°C 0.0661 0.1453 0.0526 0.1179 
(1-F)MX ? P 0.61 0.60 to 0.82 0.16 0.07 to 0.095 
M x , E 0.08 -0.46 to -0.22 -0.018 -0.675 to -0.65 
M x , D 0.51 0.018 0.16 0.015 
M x . V 0.025 1.04 0.018 0.76 
See text for symbols, data sources, and calculation methods. Negative numbers for M x R indicate that volatile was added 
to primary melt. 
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ter and scoria, or reticulite [Mangan and Vergniolle, 2000] 
instead of limu o Pele at primary eruptive vents. These same 
magmas, after releasing most of their volatiles during tran­
sit to the sea, then produce limu o Pele during littoral sec­
ondary eruptions. 
On the seafloor at depths greater than a few hundred m, 
only tiny proportions of dissolved H 2 0 and S exsolve and 
only a few C0 2-filled bubbles exsolve in the shallow con­
duit, due to saturation of C 0 2 caused by the decrease in 
pressure as magma migrates upward from the reservoir to 
the eruptive vent. In mid-ocean ridge basalt, nucleation of 
bubbles during the final rise to the vent is slow enough that 
most MORB are supersaturated for their eruption depth 
[Dixon et al, 1988]. It is because MORB retains its mag­
matic H 2 0 and S that it contains so few small vesicles. 
Discharge of large coalesced C0 2-filled bubbles can stretch 
the melt and form dense limu o Pele and angular glass frag­
ments. In a later section, we will develop a more complete 
budget of volatiles for the Gorda Ridge N-MORB. 
2.7. Bubble Fragmentation 
Fragmentation of the lava bubbles can occur for a variety 
of reasons. The first is that magmatic gas from the magma 
continues to inflate the bubble on the lava surface past the 
point where the thin bubble-wall has become brittle. Some 
of the limu o Pele fragments that have variable thickness in 
a mottled pattern probably formed due to over-inflation of 
the glass bubble. The bubble-wall stretched, became too vis­
cous to stretch evenly, and fragmented. If the bubbles sur­
vive intact to this point, they will collapse and fragment as 
the bubble-wall and the enclosed gas cool in seawater and 
the pressure inside the bubble decreases below the external 
pressure. In either case, the initial fragmentation is most 
likely enhanced by further fragmentation by cooling-con­
traction granulation of pyroclasts. Some of the limu o Pele 
fragments that appear to consist of multiple layers of glass 
(Figure 4c) probably formed during implosion of bubbles, 
while the glass was still fluid enough to mold against other 
fragments. A glass bubble could also be blown inside the 
previous bubble, resulting in double walls. 
Implosion of the bubbles during cooling can be quantified 
if we assume that the volatile phase is entirely C 0 2 . Dixon 
and Stolper [1995] showed that the exsolved volatile phase 
in MORB is 95-100% C 0 2 , so this assumption is a close 
approximation. In this case, we can calculate the change in 
density (and volume) as the C 0 2 cools inside the bubble 
using the Peng-Robinson cubic equation of state [Peng and 
Robinson, 1979]. The calculations used a thermodynamic 
software program, MultiFlash (version 3.0) from Infochem 
Computer Services Ltd., London. At 250 bars, a magmatic 
temperature of 1150°C, and a bottom seawater temperature 
of 2°C, supercritical C 0 2 fluid in the bubble with a density 
of 0.088 gem - 3 contracts to liquid C 0 2 with a density of 
1.031 gem-3 as the glass bubble cools. The 92% volume 
decrease of C 0 2 in the bubble as it cools to ambient tem­
perature leads to collapse and fragmentation of the bubble 
wall, forming limu o Pele fragments. At 450 bars, magmat­
ic C 0 2 with density of 0.152 gem- 3 contracts to liquid C 0 2 
with density of 1.102 genr 3 . At this pressure the volume 
decrease of the C 0 2 in the bubble is still 86%. The increas­
ing density of the magmatic C 0 2 as pressure increases indi­
cates that more magmatic C 0 2 is required to form the same 
size glass bubbles at greater depth. 
2.8. Transport and Deposition of Fragments 
The volcaniclastic deposits along the Gorda Ridge, the 
summit and upper rift zone on Loihi Seamount [Clague et 
al, 2000, this issue], the axis of the Puna Ridge, and cones 
in the North Arch, all contain limu o Pele fragments but are 
mainly comprised of dense angular glass fragments. These 
glass fragments have similar compositions to the much less 
abundant limu o Pele fragments in the same samples. Such 
angular fragment shapes are commonly attributed to ther­
mal-contraction fragmentation [e.g., Batiza and White, 
2000]. Many of the fragments have an original glass surface 
on one side. Particularly along the Gorda Ridge, we have 
found such dense angular glass fragments, as well as limu o 
Pele fragments, widely distributed on subdued topography 
and shallower than nearby lava flows. For example, at 
NESCA, dense angular glass fragments up to several mm 
across were recovered in push-cores on a sediment hill 50 m 
above the surrounding lava flow. These dense fragments 
had to be ejected from the vent into the water column above 
the vent at least that high, or ejected to a lower height fol­
lowed by upward transport in a rising plume of seawater 
heated at the eruption site, as previously proposed by 
Clague et al. [2000] and Maicher et al. [2001]. We propose 
that these dense fragments also form during mild strombo-
lian-like activity coupled with thermal-contraction fragmen­
tation in much the same way that limu o Pele is formed. The 
angular fragments may form by discharge of smaller mag­
matic gas bubbles that do not sufficiently stretch the lava 
surface to form thin-walled lava bubbles. 
Both types of particles are apparently entrained in thermal 
plumes of hot water rising over the vent and nearby hot 
flows. Head and Wilson [2003] modeled the distribution of 
pyroclasts in a rising thermal plume. Their calculations 
were for submarine hawaiian fountains produced by very 
volatile-rich magma and moderately volatile-rich magma, 
as well as a case for strombolian eruption from foam accu-
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mulated beneath the top of a magma chamber. For the 
strombolian case, their numerical analysis suggests that the 
pyroclast/seawater plume should rise only a few hundred m 
above the erupting vent, so these lower energy eruptions 
proposed here should form even smaller plumes. Since 
these eruptions apparently introduce only small amounts of 
pyroclasts into the water column, the dense particles pre­
sumably settle out of the rising plume according to Stoke's 
law, so we anticipate that particles deposited nearest the 
source will be more abundant and larger than at greater dis­
tances. The height above the bottom, and therefore the dis­
tance the particles might be displaced from their source, will 
vary with the amount of heat input to the thermal plume and 
the velocity of ocean currents at appropriate depths. Since 
the initial stage of a thermal or event plume is unlikely to be 
observed, the size distribution of glass fragments away from 
a vent might be one way to quantify the time-varying ther­
mal input into the plume. 
3. PRIOR EVIDENCE FOR MORB VOLATILE LOSS 
Studies over many years of carbon isotope and rare-gas 
fractionation in MORB [e.g., Pineau and Javoy, 1983; Des 
Marais and Moore, 1984; Mattey et al, 1984; Staudacher et 
al, 1989; Fisher and Perfit, 1990; Javoy and Pineau, 1991] 
and C 0 2 concentrations in MORB [e.g., Stolper and 
Holloway, 1988; Gerlach, 1989; Dixon et al, 1988, 1995; 
Dixon and Stolper, 1995] support the idea that most MORB 
has degassed a C0 2-rich phase that also acts as a carrier for 
low solubility rare gases, particularly He. The data in these 
studies is widely interpreted to indicate that magmatic 
volatiles dominated by C 0 2 are exsolved from MORB 
magma as it rises from the mantle and the exsolved volatiles 
may be accumulated and stored as bubbles when the magma 
is stored, however briefly, in crustal magma chambers [e.g., 
Gerlach and Graber, 1985; Bottinga and Javoy, 1989a; 
Gerlach, 1989]. 
Exsolution of magmatic volatiles and magma buoyancy 
generated by bubble growth in rising magma is now widely 
thought to drive magma ascent prior to subaerial eruptions 
[e.g., Sparks, 1978; Wilson and Head, 1981] and most prob­
ably submarine basaltic eruptions as well [e.g. Bottinga and 
Javoy, 1989a, 1989b, 1990; Head and Wilson, 2003]. 
Bottinga and Javoy [1989a] proposed that MORB magmas 
undergo two stages of bubble nucleation and growth with 
the first occurring as magma rises through the mantle and 
the second during eruption. They also proposed that 
volatiles exsolved during the primary stage of ascent accu­
mulated in magma chambers below the ridge axis and that 
without the development of this separate volatile rich zone 
in the magma chamber no eruption occurs. Sarda and 
Graham [1991] discussed the possibility that exsolved 
volatile accumulation could lead to eruptions where 
"volatile-charged products may form." 
Our analysis shows that N-MORB eruptions produce pyro­
clasts of limu o Pele during mildly explosive strombolian 
activity in which large coalesced bubbles of mainly super­
critical C 0 2 fluid rise through the otherwise dense magma in 
the vent. Our results are completely in accord with the geo­
chemical studies noted above, but extend those studies by 
proposing an eruptive mechanism by which the "missing" 
exsolved volatile phase escapes from MORB magma. 
4. MORB VOLATILE EXSOLUTION HISTORY 
4.1. Conceptual Framework 
Does MORB contain enough magmatic volatiles that can 
exsolve and accumulate to drive the strombolian-like style 
of eruptions we have proposed? Our interpretation that 
MORB limu o Pele from Gorda Ridge forms during vigor­
ous bubbling at the vent and formation of a low pyroclastic 
eruption column implies that MORB magma contains sig­
nificantly more gas on eruption than one would infer from 
the <1% small vesicles contained in typical MORB pillow 
basalt [e.g., Moore, 1979]. We can construct a budget of 
volatiles by first estimating the Primary volatile contents, 
M x P or the mass proportion of volatile x in melt as it sepa­
rates and rises in the mantle. Since C 0 2 exsolves from 
basaltic magma as it rises through the mantle and while it 
crystallizes some fraction F in magma chambers, there is a 
component that we call Exsolved volatiles, or M x E , that 
may be separated from the melt phase. It is not necessary to 
independently estimate the percent crystallization F, since 
the term ( l - F ) M x P represents the volatiles in the erupted 
melts if they had not exsolved any volatiles; these concen­
trations can be calculated from trace element contents of the 
erupted magmas, as described below. The volatile compo­
nent retained in the lava upon eruption is divided into an 
Vesicle-filling, or M x v and a Dissolved component, or 
M x D . A final component consists of volatiles lost during the 
eruption into the water column; it cannot be determined 
readily, but may consist mainly of the volatiles separated 
during rise and storage in a magma reservoir and will be 
determined as part of the "exsolved, or M x E , component." 
These volatile components are schematically shown in 
Figure 7 and are related as follows: 
(l-F)Mx,P = (Mx,E+Mx,V+Mx,D) (1) 
We use the observation that C 0 2 behaves as an incompat­
ible element having a constant ratio to other incompatible 
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Figure 7. Schematic diagram describing the volatile evolution in 
MORB magma as it ascends through the upper mantle, pauses in 
a magma reservoir, ascends to the seafloor, and erupts. White cir­
cles and blebs are volatile bubbles, light gray is melt, and dark 
gray is rock. Upper left exploded view shows formation of limu o 
Pele during mild strombolian activity with fragments carried 
upwards in the water column by a rising, heated, turbulent plume 
of seawater. M x P is the mass of volatile x in primary magma, M x E 
is the mass of volatile x exsolved during transport and storage, 
M x D is the mass of volatile x dissolved in the quenched melt, 
M x v is mass of volatile x contained in vesicles in the erupted lava, 
and F is the proportion of fractional crystallization to form the 
erupted lava from the primary magma. See text for discussion of 
model and Table 1 for examples of calculated volatile budgets for 
E-MORB and N-MORB. 
elements, such as Nb [Saal et al, 2002; Hauri et al, 2002], 
and measured Nb concentrations to determine the C 0 2 con­
tent in the primary magma, corrected for subsequent frac­
tionation, (1-F)M X ? E for x = C 0 2 . The H 2O/Ce=180 for 
Pacific and south Atlantic MORB [Michael, 1995], so we 
can determine (1-F) M x E for x = H 2 0 from the Ce content of 
the erupted lava. We measure the dissolved M x D in the glass 
for both H 2 0 and C 0 2 using FTIR. The vesicle-filling M x v 
can be estimated by calculating the volatiles required to 
form the vesicles retained in the lava sample. In the case of 
MORB, the mixed volatile phase in the vesicles is 95-100% 
C 0 2 [Dixon and Stolper, 1995]; we have used a conserva­
tive 95%o. The difference between the primary volatile con­
tent, corrected for crystallization, and the sum of the dis­
solved and vesicle-filling volatiles is the volatile content 
lost during rise from the mantle, storage, and eruption that 
we have called the exsolved component. 
4.2. MAR E-MORB Popping Rocks 
One example of this type of reconstruction is based on the 
so-called "popping rocks" recovered from the Mid-Atlantic 
Ridge (MAR) [Hekinian et al, 1973; Pineau et al, 1976; 
Sarda and Graham, 1990; Javoy and Pineau, 1991; 
Gerlach, 1991; Graham and Sarda, 1991]. The popping 
rocks are enriched- or E-MORB containing 0.63 wt% K 2 0 
and up to 17 volume% vesicles. The samples were recov­
ered from 3770±275 m depth or a pressure of 383±28 bars. 
Following suggestions from Gerlach [1991], Graham and 
Sarda [1991] calculated that the popping rock magma had 
C 0 2 = 0.85 wt% and H 2 0 =0.59 wt% at 1000°C with a melt 
density p m =2.697 gcnr 3 using non-ideal conditions and 
assuming that mixing of a binary ( H 2 0 - C 0 2 ) vapor phase is 
ideal. The 1000°C temperature is preferable to a higher 
magmatic temperature, since it approximates the tempera­
ture when the melt becomes rigid and the vesicles stop con­
tracting as the lava cools from a magmatic temperature of 
about 1200°C. We have recalculated the content of an ide­
ally mixed supercritical C 0 2 and H 2 0 fluid required to pro­
duce the observed volume of vesicles using densities calcu­
lated with the Peng-Robinson cubic equation of state [Peng 
and Robinson, 1979], since the ideal gas law is inappropri­
ate for supercritical fluids, such as C 0 2 and H 2 0 at these 
conditions. The densities of supercritical C 0 2 and H 2 0 at 
these conditions are listed in Table 1. Simply combining the 
densities and the volume proportions of the different com­
ponents allows direct calculation of M x v . The results in 
Table 1 show that M x v for x = C 0 2 is significantly greater 
than determined using the ideal gas law. 
To calculate the primary volatile contents of the melt 
( l - F ) M x P , we use the Ce content of the popping rocks of 
33.5 ppm [Bougault et al, 1988], and H 2 0/Ce=183 deter­
mined for southern Mid-Atlantic MORB (unfortunately not 
for the region where the popping rock was recovered) 
[Michael, 1995], and the Nb content of 26.2 ppm [Bougault 
et al, 1988] and C0 2 /Nb covering the range 230±55 [Saal 
et al, 2002] to 314±125 [Hauri et al, 2002]. 
The dissolved components, M x D , were measured by 
FTIR [J. Dixon, cited in Graham and Sarda, 1991]. 
Substituting into the equation above, we solve for M x E . The 
calculations, summarized in Table 1, suggest that the pop­
ping rocks have gained some C 0 2 during rise and storage. 
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This increase in C 0 2 suggests accumulation of a volatile 
component consisting mostly of C 0 2 supercritical fluid. The 
imbalance in water probably reflects uncertainty in the 
H 2 0 /Ce for this segment of the Mid-Atlantic Ridge. 
4.3. Gorda Ridge N-MORB 
Gorda Ridge MORB contain between 0.63 and 9.36 ppm 
Nb and between 5.0 and 16.94 ppm Ce for lavas with glass 
MgO content ranging from about 7.3 to 9.1 wt% [Davis and 
Clague, 1987, 1990; Davis et al, 1998; Davis and Clague, 
unpublished data). We calculate that ( l - F ) M x P for x = C 0 2 
ranges from lows between 0.015 and 0.020 wt% to highs 
between 0.215 and 0.294 wt% and that (1-F)MX P for x = H 2 0 
ranges from lows between 0.086 and 0.094 wt% to highs 
between 0.280 and 0.305 wt%. 
Among these many samples, only a few have abundant 
vesicles that allow reconstruction of M x v . We recovered 
four vesicular MORB samples from the Gorda Ridge using 
the MBARI ROV Tiburon in August 2000 on dive T296 
(Figure 1) [Clague et al, 2001]. The lava fragments were 
recovered from talus on the inner northern wall of a 
breached crater in a small volcano located near the northern 
end of Escanaba Trough at 41.1754° N, 127.5186° W. The 
most vesicular sample, T196-R31 (Figure 8), contains 15.6 
volume% vesicles and was collected at 3006 m depth (305 
bars). The top of the cone, the shallowest possible eruption 
depth, is 2930 m. In contrast to the popping rocks, the 
Gorda Ridge sample, and several other slightly less vesicu­
lar samples from the same location, are depleted N-MORB 
Figure 8. Photograph of thin section (long dimension 2.8 cm) of 
vesicular N-MORB sample T196-31 collected from 3005 m depth 
on a small cone at the north end of Escanaba Trough, southern 
Gorda Ridge. Sample is holocrystalline with no glass rind and has 
15.6 volume % vesicles. 
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Figure 9. Chondrite-normalized rare earth plot of 4 vesicular 
basalt samples from Gorda Ridge showing that they are all N-
MORB with light-REE-element depleted patterns. Normalizing 
values from Boynton [1984]. 
as seen by their strongly depleted light-REE patterns 
(Figure 9). 
We repeated the calculations done for the popping rocks 
for the vesicular N-MORB from Gorda Ridge, except that 
none of these samples has a glass rind, so M x D upon erup­
tion and quenching cannot be directly measured using 
FTIR. However, we can estimate these values using data for 
15 other MORB glasses from the axis of Gorda Ridge, 
determined by FTIR and presented in Table 2. These sam­
ples have H 2 0 (Table 1) that is correlated to Ce [data from 
Davis et al, 1987] with a H 2 0/Ce=165±21, statistically 
identical to the ratio of180±30 proposed by Michael [1995] 
for Pacific MORB. The 15 ridge axis glasses average 147 
ppm C 0 2 , which we have used as a rough estimate of M x D 
for x = C 0 2 . The entire volatile budget is summarized in 
Table 1. 
The volatile content of the magma upon eruption is the 
sum of the dissolved and exsolved components, or 0.18 
wt% H 2 0 and 0.78 wt% C 0 2 which contrasts with our cal­
culated ( l - F ) M x P for x = C 0 2 of only 0.07 to 0.095%. The 
discrepancy indicates that the vesicular samples have accu­
mulated gas exsolved from 8-11 times as much magma. 
This is direct evidence that M x P , particularly for x = C 0 2 , in 
mid-ocean ridge magma exsolves during transport and stor­
age, migrates separately from the melt phase, accumulates; 
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Table 2. Volatile and Trace Element Data for Gorda Ridge MORB Glasses 
Sample Latitude 
(°N) 
Longitude 
(°W) 
Depth 
(m) 
Mg# Nb 
(ppm) 
Ce 
(ppm) 
H 2 0 
(wt%) 
H 2 0 
+/-, N 
C 0 2 
(ppm) 
C 0 2 
+ / - N 
KK83NP-D1-8 42°56.6' 126°37.5' 3230 60.4 - 13.8 0.262 0.006, 2 133 11,2 
KK83NP-D3-4 42°54.4' 126°40.3' 3158 62.5 - 12.1 0.234 151 03,1 
KK83NP-D4-15 42°45.4' 126°42.0' 3223 69.4 0.63 5.2 0.088 133 16, 1 
KK83NP-D6-12 42°34.3' 126°51.r 3288 58.8 - 16.5 0.274 0.013,3 139 09,3 
KK83NP-D7-4 42°28.4' 126°53.3' 3658 62.1 - 15.8 0.280 0.012, 2 156 16,2 
KK83NP-D9-1 42°14.9' 127°04.6' 3048 63.6 - 8.0 0.114 0.000, 2 145 11,2 
KK83NP-D11-8 42°07.2' 127°09.5' 3108 60.9 2.75 12.0 0.215 0.004, 2 164 11,2 
KK83NP-D12-2 42°02.1' 127°09.6' 3425 60.8 - 12.0 0.202 145 14,1 
KK83NP-D13-3 41°48.2' 127°10.1' 3275 64.8 - 8.4 0.126 168 10, 1 
KK83NP-D14-8 41°41.7' 127°13.9' 3280 64.1 - 9.9 0.141 0.006, 2 157 15,2 
KK83NP-D16-1 41°31.3' 127°27.4' 3340 56.5 - 16.3 0.278 0.009, 2 134 11,2 
KK83NP-D17-10 41°27.7' 127°13.5' 1703 62.0 - 12.3 0.216 158 12, 1 
T196-R31 41°10.5' 127°31.1' 3005 62.8 3.03 11.03 - - - -
L685NC-D36-10 40°59.0' 127°30.2' 3200 60.8 6.8* 16.5* 0.253 122 14, 1 
L685NC-D36-11 40°59.0' 127°30.2' 3200 60.8 6.8* 16.5* 0.255 0.017, 2 123 12,2 
L685NC-D31-11 40°46.4' 127°30.8' 3250 65.9 3.9* 8.0*. 0.125 182 15, 1 
L585NC-D33-2C 42°45.4' 128°06.1' -1900 61.2 - 14.0 0.204 0.001, 3 127 07,3 
L585NC-D35-10 42°26.0' 127°40.6' -1950 69.1 - 6.67 0.119 0.006, 2 161 16,2 
Nb, Ce and Mg# ((100Mg/(Mg+Fe2+) calculated using Fe 2 +=0.9FeT) from Davis and Clague [1987], Davis et al [1998], Davis and Clague 
[2000], or Davis and Clague [unpublished data]. H 2 0 and C 0 2 by FTIR are the volatile component dissolved in glass. N indicates number 
of analyses. * indicates trace element data are average for 24 and 6 samples from same sites as L685NC-D36 and -D31, respectively. 
it presumably coalesces to form the large bubbles needed to 
drive mild strombolian activity. This finding is consistent 
with the widespread view that most MORB has degassed 
C 0 2 . In this case, the coalesced exsolved volatile phase may 
have accumulated in a lava pond in the volcanic cone, since 
such flat-topped cones are likely to form as overflowing 
lava ponds [Clague et al, 2000b]. 
The calculated (1-F)MX P for x = C 0 2 of 0.07 to 0.095 wt% 
minus the M x D of 0.018 wt% would exsolve to form 
1.2-1.7 vol% vesicles, a somewhat greater vesicularity than 
normally observed in N-MORB from these depths. This dis­
crepancy again supports the idea that supercritical C 0 2 liq­
uid exsolves from N-MORB during transport and storage, 
rather than during shallow devolatization. However, the 
results for both the MAR popping rocks and the Gorda 
Ridge N-MORB sample demonstrate that combining vesi­
cle volatile contents with dissolved volatile contents can 
lead to an overestimation of initial magmatic volatile con­
tents. 
5. WATER COLUMN EVENT PLUMES 
The exsolved magmatic C 0 2 supercritical fluid that forms 
the limu o Pele bubbles is discharged directly into the sea­
water above the eruption site. Numerous studies, mainly by 
a group of researchers at NOAA, have mapped what they 
call event plumes that accompany seismic swarms along the 
mid-ocean ridge system [e.g., Baker et al, 1987, 1989, 
1998; Kelley et al, 1998; Lupton et al, 1999a, b]. These 
event plumes are characterized by excess heat and 3 He 
[Lupton et al, 1999a, 1999b] as well as a wide range of geo­
chemical and particulate markers [e.g., Baker et al, 1998; 
Feeley et al, 1998; Kelley et al, 1998]. Some tracers in the 
plumes are conservative (such as 3 He), allowing them to be 
tracked over long distances [Lupton, 1996, 1998]. 
Interpretation of the origin of these plumes leans heavily 
toward a massive non-magmatic hydrothermal discharge at 
the beginning of a submarine eruption [Baker, 1998]. In 
support of a direct eruptive volatile component, as we pro­
pose here, Baker [e.g., 1995] notes that magmatic volatile 
input to plumes increases 3He/heat ratios following erup­
tions and Rubin [1997] suggests that metals and metalloids 
in plumes may be contributed by magmatic degassing. 
Based on the widespread occurrence of limu o Pele frag­
ments along at least one mid-ocean ridge, the Gorda Ridge, 
we propose that one component of event plumes consists of 
magmatic volatiles discharged directly into the water col­
umn during submarine strombolian activity at the erupting 
vents. The magmatic volatiles would mainly be C 0 2 , as 
well as the CH 4 , H 2 , and 3 He observed in the plumes [Kelley 
et al, 1998]. The heat in the plume may be mainly derived 
from conductive cooling of erupted lava, as explored by 
Baker [1998]. The variable ratio of heat/ 3He observed in 
different event plumes [Lupton et al, 1999a, 1999b] may 
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reflect variations in the volume of erupted lava to dis­
charged magmatic volatile phase. In any case, magmatic 
volatiles are transferred to the oceans by several pathways, 
one of which is the direct discharge of a separated volatile 
phase during strombolian activity along mid-ocean ridges. 
6. MID-OCEAN RIDGE MAGMA CHAMBERS 
There are several implications of the widespread occur­
rence of submarine strombolian basaltic eruptions since the 
separated gas phase is first accumulated in the magma 
chambers and is then discharged into the surrounding sea­
water during eruptions. It has been widely documented that 
crustal magma chambers underlying the mid-ocean ridge 
system produce strong seismic reflections [e.g., McClain et 
al, 1985; Detrick et al, 1987; Rohr et al, 1988; Sinton and 
Detrick, 1992] that suggest a large velocity contrast 
between the overlying rock and the underlying magma. If 
magmatic gas accumulates in magma chambers, it must 
buoyantly rise and coalesce beneath the rigid lid of the 
magma chamber. The strong seismic reflections may actual­
ly be mapping the distribution of low-density mixtures of 
magma and separated gas bubbles that grew and coalesced 
as they rose in the magma. Such a model suggests that the 
density and therefore the seismic velocity of a thin layer at 
the top of the magma chamber could be very low. Present 
seismic models [e.g., Sinton and Detrick, 1992] of the size 
and shape of mid-ocean ridge magma chambers do not con­
sider such a layer. 
7. CONCLUDING REMARKS 
The results from this study have application to other 
deep-sea basaltic magmas, including back-arc basin basalts 
[Gill et al, 1990], ocean island tholeiitic basalt [see Clague 
et al, this volume], and strongly alkalic basalt [e.g., Clague 
et al, 1990, 2002]. All of these basalt types contain signifi­
cantly higher concentrations of primary volatiles than N-
MORB which makes it more likely that volatile concentra­
tions required to drive strombolian eruptions [as outlined by 
Head and Wilson, 2003] will be attained by volatile accu­
mulation during transport and storage of these magmas. 
Pyroclastic basaltic eruptions, similar to subaerial strombo­
lian eruptions because they are driven by release of 
exsolved and coalesced magmatic volatiles appear to have 
no depth or compositional limitation in the oceans. 
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